toughen the pericarp to enhance the separation of the endosperm. Hardness is known to be indicative of the rate and quantity of water uptake during the tempering procedure, and although it is generally accepted that hard wheat endosperm diffuses water at a slower rate than soft wheat endosperm, the exact nature of the interaction is not well understood but appears to be affected by vitreousness and the agglomeration of starch and proteins within the endosperm (Pomeranz and Williams, 1990) . Milling studies have traditionally been directed toward bulk samples of grain, with a much smaller portion of studies on single kernels, and an even smaller portion focusing on moisture within the kernel.
Although studies have been conducted on the effect of moisture on NIR hardness (Windham et al., 1993; Gaines and Windham, 1998) , the effects on the physical strength properties of the endosperm are less prevalent. Eckhoff et al. (1988) found small but significant differences in peak force of both soft and hard wheats caused by differences in moisture content at levels of 9, 11, and 13%. Given that an interaction between moisture content and cultivar was significant, a recommendation was made that additional testing was needed to examine the extent of this interaction. Working with five wheat varieties at three levels of moisture (10, 14, and 18% d.b.) , Kang et al. (1995) found that the slope of the stress-strain compression curve before the yield point, which they termed the modulus of deformability, decreased with increase in moisture, as did the stress and strain at yield point. In perhaps the most extensive work on the in-situ measurement of physical strength properties of wheat endosperm, Glenn et al. (1991) reported on the compressive and tensile stress properties of geometrically precise cylinders for a set of common soft and hard wheats. Included in their study was an examination of the effect of moisture (2 to 30% d.b.) on compressive strength, involving two soft and three hard varieties. The present study has adopted the wheat cylinder machining procedure of Glenn et al. (1991) to further examine compressive strength under varying levels of moisture. The study's objectives were to characterize the effect of moisture on wheat endosperm compressive strength for the 10 NIST SRM samples and relate the physical strength properties to the current definitions of wheat hardness.
MATERIALS AND METHODS

WHEAT
Ten samples of wheat were obtained from NIST (Gaithersburg, Md.) as Reference Material (SRM) No. 8441 (table 1) . These standard samples, consisting of five soft wheats and five hard wheats, are used for the purpose of standardizing near-infrared spectrophotometers to an empirical hardness scale. Likewise, this same set is also used to standardize the commercial models of the SKCS (Perten Instruments, Springfield, Ill.), which utilizes force of crush data to measure hardness on the same scale. Two additional samples, which were soft wheats (cvs. Penawawa and Vanna), were also analyzed for the purpose of verifying strength versus moisture relationships developed from the NIST samples.
PROCEDURE
Wheat endosperm cylinders were machined following the procedure of Glenn et al. (1991) . Essentially, each kernel was candled to ensure it was free of internal cracks, then filed on its germ end until a flat surface, nominally perpendicular to the long axis, was created just beyond the depth of the germ. Cyanoacrylate glue (Krazy® Glue, wood formula) was applied to the filed surface and the kernel was mounted on an aluminum pedestal (11 mm diameter × 4 mm thickness × 6 mm shaft diameter) with an attempt to position the kernel so that the centroid of one cheek region was centered on the pedestal face. The kernel was allowed to set overnight before the brush end of the kernel was faced by placing the kernel in a vertical milling machine and revolving the kernel against a stationary file to a finished length of 3.5 mm. The cylindrical shape was obtained by placing the kernel in a small machinist's lathe (Compact 5, Emco, Hallein, Austria) and turning the kernel in one pass to a 1.0 mm diameter and 3.0 mm length, leaving the 0.5-mm-thick base for torsional strength during the turning procedure ( fig. 1) .
Each cylinder was inspected for internal fissures and the inclusion of the crease. Only kernels with no crease or a trace of the pericarp from the crease were eventually accepted for strength properties analysis, though cylinders possessing larger portions of the crease were in many cases tested in compression. Cylinders of a given sample and assigned humidity level were prepared as a group of 12 replicates. Each group was placed in one of five controlled humidity environments (desiccant or saturated salt solution, 25°C), corresponding to 0 (Molecular Sieve), 22 (potassium acetate), 53 (magnesium nitrate), 75 (sodium chloride), and 93% (potassium nitrate) RH (Greenspan, 1977) . Cylinders were allowed to equilibrate a minimum of 5 d and remained in their humidity environment until immediately before strength testing.
Compressive strength tests were performed on a universal testing machine (model 4464, Instron Corp., Canton, Mass.) equipped with a 500-N load cell. The 366 TRANSACTIONS OF THE ASAE Penawawa SWS n/a n/a Vanna Vanna SWS n/a n/a pedestal containing each endosperm cylinder was inserted in the chuck of the crosshead, with the stationary surface consisting of a polished aluminum block. Crosshead speed was set low (0.5 mm/min), in keeping with Glenn et al. (1991) , who found that variability, as gauged by repeated measures of compressive strength, increased with increase in crosshead speed (0.5 to 500 mm/min range examined). The sampling rate was 6.67 points / s . Force and displacement readings were collected well beyond the point of maximum force, which occurred between 0.046 and 0.45 mm. Depending on the force vs. displacement data, collection ceased either soon after the occurrence of maximum force or at the predefined limit of 1.0 mm. The following physical strength properties were calculated using the Instron software (ver. 7.34.00): maximum stress (S max , Function 1.4, MPa), modulus of elasticity (E, 19.3, MPa), work to maximum stress [W(S max ), 43.1, MJ/m 3 ], and strain at maximum stress [e(S max ), 1.6, %]. E was determined by (1) automatically subdividing the stress versus strain curve into six equal contiguous regions between the start of the test and the point of maximum stress; (2) selecting the pair of adjacent regions whose sum of slopes, as determined by a least squares fit line for each region, was greatest; and (3) selecting the greater of the two slopes from that pair. Further, E and e(S max ) were based on the original 3.0-mm specimen length, which did not include the 0.5-mm base thickness. The omission of the base, which could directly affect the values of e(S max ) and E, and theoretically affect compressive strength and work input, was deemed necessary for two reasons: the base absorbed some of the cyanoacrylate glue, causing the base to be much harder than the native endosperm; secondly, the cross-sectional shape of the base was comparatively irregular, thus making it difficult to define, as well as restrictive to lateral expansion.
MOISTURE CONTENT DETERMINATION
Twenty grams of each wheat sample were pearled (Strong-Scott, Seedburo Equipment Co., Chicago, Ill.) 40 to 105 s (depending on hardness) until nearly all pericarp and germ were removed, leaving approximately 11 g of intact endosperm. The pearled material was split into five portions of equal mass, whereupon each portion was equilibrated to one of the five humidities for eight days. Moisture contents were performed gravimetrically by convection oven drying (130°C) for 2 h and reported on a dry basis (ISO, 1985) .
ANALYSIS
For each sample, the mean value of a given physical strength property at each moisture level was determined. First-order linear regression equations, with mean physical strength property as the dependent variable and moisture content as the independent variable, were developed for S max , E, and W(S max ). Mean physical strength property values were subsequently normalized by dividing them by their corresponding predicted value at 13% d.b. This moisture content was chosen as a reference level because it represents the state of wheat under typical storage conditions. Thus, each normalized mean value of S max , E, or W(S max ) is a dimensionless quantity that represents the decimal change in physical strength property when the moisture condition deviates from a nominally acceptable storage level (13% d.b.) to that considered either dryer (3% and 8 to 9% d.b.) or wetter (16 to 17% and 25 to 28% d.b.) than normal. A first-order linear regression was performed on each NIST sample's five normalized means. Using the Proc Mixed procedure of SAS (Littell et al., 1996) , orthogonal contrasts within an analysis of covariance were performed to determine whether the slope of one sample's regression line was equal to that of another sample's line.
Normalization of the mean values for e(S max ) was performed in a similar manner to that of the other strength properties, with one exception. Because of the near constancy in mean value of e(S max ) at the four lower moistures (see Results), only these moisture levels were used in the initial regression to determine the reference value at 13% d.b. Curve fitting was not subsequently performed on the normalized e(S max ) values, owing to a clearly nonlinear relationship between this property and moisture.
RESULTS
Cylinder failure patterns varied widely, largely depending on moisture content. Kernels equilibrated in the 0 and 22% RH environments (moisture < 9% d.b.) often produced a brittle, audible, 45°shear-plane fracture ( fig. 2) , while those at the highest humidity (93% RH, moisture > 24% d.b.) demonstrated shallow and broad forcedisplacement behavior and a failure pattern (not shown) that was characterized by a crumbling of the entire cylinder or a crumbling localized to the cylinder's free end. Typical stress versus strain curves for cylinders equilibrated to the five humidities are shown for soft (NIST Soft No. 2) and hard (NIST Hard No. 5) wheats ( fig. 3) . As seen by this example, maximum stress occurred between 3 and 9% strain with exception of the cylinders at the highest moisture, which exhibited a greater degree of non-linear stress versus strain behavior. At the 24 to 28% d.b. level, maximum stress was often less than one-half its value at the intermediate moisture content (11 to 14% d.b.) , while the accompanying strain was often greater than 10%.
All force deformation curves were visually inspected for atypical characteristics such as an excessively broad and shallow-sloped trace, which would be indicative of the presence of a preexisting internal crack or, at the highest moisture level, failure due to bending caused by the cylinder's axis being no longer perpendicular to its pedestal face. From a total of 627 curves, three were considered subjectively as outliers and removed from further analysis. All remaining curves, ranging from 8 to 12/sample × humidity, were used to determine the mean and standard deviation of each strength property (tables 2 and 3). Kernel-to-kernel variability (i.e., replicate error) in strength property was large, as seen by a range in the coefficient of variation (considering only the NIST samples) as follows: S max was 8.1 to 49.2%; E was 8.3 to 52.0%; W(S max ) was 17.3 to 56.4%; e(S max ) was 10.7 to 37.2%. Thus, when analyzing single kernel physical strength properties, it was imperative that measurements were made on many kernels for each treatment. Hard wheats tended to have less kernelto-kernel variability than soft wheats.
The functional relationship between normalized mean physical strength property and moisture content was partially sample-dependent for S max , while independent of sample for E and W(S max ) (table 4). Pooling of samples, either within a hardness class (i.e., hard or soft) or across both classes, was performed for the purpose of allowing the 368 TRANSACTIONS OF THE ASAE reporting of general trends. Therefore, it is important to acknowledge that when statistical differences are noted among samples, the general trends obtained from pooled data will have more uncertainty than when pooling is performed with non-statistically different samples. Nevertheless, all pooled results are reported herein because of a belief that such summarizations are directly useful. For S max , the slopes for all 10 NIST samples were significantly different from zero (P < 0.01%), with all being negative in value, ranging from -0. 11 80.9 ± 8.4 2280. ± 369 3.020 ± 0.949 5.76 ± 1.09 11.9 11 55.4 ± 4.5 1820. ± 296 1.964 ± 0.478 5.82 ± 1.80 16.0 10 42.4 ± 6.9 1410. ± 296 1.669 ± 0.566 6.14 ± 1.58 24.5 10 20.9 ± 4.4 359. ± 137 0.912 ± 0.253 9.73 ± 2.73 * Mean ± standard deviation for n endosperm cylinders. † S max = maximum compressive stress. ‡ E = modulus of elasticity. § W(S max ) = work to point of maximum compressive stress. || e(S max ) = strain at point of maximum compressive stress. † E = modulus of elasticity. ‡ W(S max ) = work to point of maximum compressive stress. § Number of mean values, where each value is the arithmetic mean of 8 to 13 (tables 2 and 3) endosperm cylinders. || Within each slope column, with the five hard and five soft samples as one category and the pooled softs and pooled hards as another category, the same letters following slope values indicate non-significant differences among category members by at least the 5% level. Within these designated categories, absence of a letter indicates a failure to reject hypothesis of zero slope by t-test (P < 0.05). Units for slope are 1/(dry basis percentage point). hard samples, the slopes of the regression lines were significantly different (-0.0434 vs -0.0534, P < 0.05), though their difference is most likely not of practical value ( fig. 5 ). Therefore, a pooling of all soft and hard NIST samples (slope = -0.0478, r 2 = 0.896) can be used to generalize the behavior of moisture content on E. As with their values for S max , Penawawa and Vanna demonstrated E values that were similar to those of the NIST set. For W(S max ), there was no significant linear relationship with moisture content within any of the NIST soft samples and two of the hard samples (table 4). For the three remaining hard samples, the slopes were not determined to be significantly different from each other. The slope of the pooled NIST soft wheats was significantly different (P < 0.01) than that of the pooled NIST hard wheats ( fig. 6 ). In fact, the regression line for the hard wheats (slope = -0.0418, r 2 = 0.778) was more than twice as steep as the soft wheat regression line (slope = -0.0178, r 2 = 0.371). The response of e(S max ) to changes in moisture was invariant except at the highest moisture (24 to 28% d.b.) ( fig. 7) . Without additional data within the 18 to 24% moisture range, it is not possible to characterize the functional relationship between e(S max ) and moisture, therefore fitted lines or curves are omitted.
At the intermediate moisture content (10 to 14% d.b.), which falls within the typical range for the NIR hardness and SKCS hardness methods) (table 1), the relationship between S max and NIR hardness or S max and SKCS hardness was positively correlated (fig. 8 ). Based on all 10 NIST samples, S max demonstrated a slightly higher correlation with NIR hardness than with SKCS hardness (r 2 = 0.84 vs 0.77); however, with removal of Hard No. 4, the correlation between S max and SKCS hardness (r 2 = 0.97) was higher than that between any other physical strength property and NIR or SKCS hardness, with or without inclusion of this sample. Hard No. 4 exhibited the highest compressive strength, yet its hardness value by NIR or SKCS was substantially less than that of Hard No. correlations suggest that SKCS hardness may be a more accurate measurement of wheat physical compressive strength than NIR hardness, additional testing with new samples is warranted.
DISCUSSION
Wheat hardness is generally believed to arise from the interaction between starch granules and endosperm proteins (Barlow et al., 1973) . The presence of a 15 kDa protein, termed friabilin (Greenwell and Schofield, 1986) and later postulated to be a family of related proteins (Morris et al., 1994) , results in a softening of wheat texture through a weaker bond between the endosperm matrix, the starch granule, and certain bound polar lipids (Greenblatt et al., 1995) . The extent of this bond does not seem to become apparent until the action of cellular desiccation that immediately precedes grain maturity (Bechtel et al., 1996) . In fact, Bechtel et al. (1996) found that when immature wheat kernels were freeze-dried, kernel hardness was substantially less than if kernels of the same state of maturity were allowed to air-dry. This suggests that wheat texture is brought on by a final mixing of cellular components during drying and an eventual binding of specific cellular components to the starch granule surface. Even when mature wheat is milled, fractionated into starch and gluten, then reconstituted in the presence of water and eventually dried, texture, as defined by tensile strength of pressed flour tablets, is inherent to the original stock; that is, tensile stress is greater in hard wheats than soft wheats (Malouf and Hoseney, 1992) . Based on fracture mechanics theory and experimental measurements of compressive strength during loading/unloading cycles and force of cutting during microtoming, Dobraszczyk (1994) has since shown that the starch-protein matrix is largely dependent on the degree of vitreousness in the kernel, with vitreous kernels exhibiting more than twice the fracture toughness as mealy kernels of the same variety. Irrespective of the degree of vitreousness, fracture toughness decreases as the moisture content increases (Dobraszczyk, 1994) . The present study has demonstrated the degree to which moisture affects wheat texture. It shows that soft and hard wheats exhibit the same trend with moisture content; however, they do so at different response rates. Similar to the findings of Glenn et al. (1991) , the present study has found that moisture affects endosperm compressive strength of hard wheat more greatly than soft wheat. Additionally, hard wheat samples generally have a more linear response between S max and moisture content than soft wheat samples. Although less linearly related to moisture content than S max , the response of E to moisture content is shown to be more universal, with only a small difference in slope noted between hard and soft wheats.
According to Pomeranz and Williams (1990) the inverse relationship between hardness and moisture content arises from a cleaving action of water as it diffuses into the intermicellar spaces of the kernel, causing swelling, a weakening of the cohesion forces, and in particular, a lowering of the crushing resistance of the endosperm. The negative correlation between moisture content and S max , E, or W(S max ) is intuitively logical, yet in contrast with that reported for NIR hardness on hard wheats (Norris et al., 1989) . This effect of moisture on NIR hardness was also noted for soft wheats (Windham et al., 1993) and later explained to arise from an increased moisture content causing larger size pericarp particles to occur during grinding (Gaines and Windham, 1998) . Because the two wavelengths used in NIR hardness calculation (1680 and 2250 nm) were purposely selected for their sensitivity to particle size (with larger particles causing higher apparent absorption), any event that causes a shift in the particle size distribution to larger size will consequently result in a higher NIR hardness value. A means to compensate the NIR hardness value for moisture content deviation is available (Windham et al., 1993; AACC, 1995) . The purpose of comparing past NIR studies with the present study is the ability to highlight the differences in the bases of NIR hardness and physical strength properties. Gaines and Windham (1998) remark on the illogical, wetter-beingharder, behavior of moisture content and wheat hardness as measured by NIR. They further demonstrate that when moisture change occurs after (rather than before) milling, NIR hardness value is unchanged, which emphasizes the importance of particle size on NIR hardness. Therefore, the manner in which wheat texture is defined has a direct bearing on how it describes moisture tempering. At a fixed moisture content such as that for safe ambient storage, NIR wheat hardness and physical strength properties of wheat endosperm are directly related to each other. However, the difference in the basis of measurement (particle size vs. compressive strength) causes different responses to moisture content variation. Although SKCS data on moisture content variation is currently unavailable, it is believed that the behavior of moisture content on SKCS hardness is similar to that for the physical strength properties [S max , E, and W(S max )], due to their closely related bases of measurement. In a recent comparison of wheat hardness measurement methods using a set of chromosome 5D homozygous recombinant substitution lines derived from a soft wheat cultivar and a hard wheat cultivar, Morris et al. (1999) found that the SKCS procedure is a better measurement of hardness [as manifested by a major gene located on the short arm of chromosome 5D (Mattern et al., 1973) ] than the methods of NIR, particle size indexing, or laboratory-scale milling.
In summary, the moistening of wheat kernels from a level considered safe for storage to one that is suitable for milling results in a weakening of the endosperm. For example, an increase in moisture content of 10 percentage units (d.b.) above typical ambient storage conditions results in a 35 and 55% reduction of maximum compressive stress for soft and hard wheats, respectively. The slope of the stress-strain curve becomes shallower with increased moisture and the point of mechanical failure becomes poorly defined. The effect of moisture on compressive strength properties is greater for hard wheats than for soft wheats. This difference is most apparent in measurements of S max and W(S max ), for which hard wheat is, respectively, 56% and 230% more affected by moisture change than soft wheat. The results of this study will form a basis for the future understanding of how single-kernel hardness instruments, such as the SKCS, react to change in kernel moisture.
